Acid-sensing ion channel (ASIC)-1a, the major ASIC subunit with Ca 2ϩ permeability, is highly expressed in the neurons of CNS. Activation of these channels with resultant intracellular Ca 2ϩ accumulation plays a critical role in normal synaptic plasticity, learning/memory, and in acidosis-mediated glutamate receptor-independent neuronal injury. Here we demonstrate that the activities of ASICs in CNS neurons are tightly regulated by the redox state of the channels and that the modulation is ASIC1a subunit dependent. In cultured mouse cortical neurons, application of the reducing agents dramatically potentiated, whereas the oxidizing agents inhibited the ASIC currents. However, in neurons from the ASIC1 knock-out mice, neither oxidizing agents nor reducing reagents had any effect on the acid-activated current. In Chinese Hamster Ovary cells, redox-modifying agents only affected the current mediated by homomeric ASIC1a, but not homomeric ASIC1b, ASIC2a, or ASIC3. In current-clamp recordings and Ca 2ϩ -imaging experiments, the reducing agents increased but the oxidizing agents decreased acid-induced membrane depolarization and the intracellular Ca 2ϩ accumulation. Site-directed mutagenesis studies identified involvement of cysteine 61 and lysine 133, located in the extracellular domain of the ASIC1a subunit, in the modulation of ASICs by oxidizing and reducing agents, respectively. Our results suggest that redox state of the ASIC1a subunit is an important factor in determining the overall physiological function and the pathological role of ASICs in the CNS.
Introduction
Acid-sensing ion channels (ASICs), members of degenerin/epithelial sodium channel superfamily, are expressed highly in peripheral sensory and central neurons (Krishtal and Pidoplichko, 1981; Waldmann et al., 1997) . They share a common structure feature with two transmembrane domains, short intracellular N and C termini, and a large cysteine-rich extracellular loop (Garcia-Anoveros et al., 1997; Waldmann and Lazdunski, 1998; Waldmann, 2001; Krishtal, 2003; Saugstad et al., 2004) . Of six subunits cloned, ASIC1a, 1b, 2a, 2b , and 3 are expressed in sensory neurons, whereas only ASIC1a, 2a, and 2b are detected in central neurons (Waldmann et al., 1997; Baron et al., 2002; Duggan et al., 2002; Wemmie et al., 2002; Alvarez de la Rosa et al., 2003) . Channels formed by different ASIC subunits have dramatic difference in pH sensitivity, kinetics, Ca 2ϩ permeability, and physiological/pathological functions. In sensory neurons, for example, ASIC2a is likely involved in mechanosensation (Price et al., 2000) and ASIC3 in the sensation of cardiac pain during ischemia (Benson et al., 1999; Sutherland et al., 2001 ). In CNS neurons, ASIC1a has been shown to be involved in synaptic plasticity, learning and memory (Wemmie et al., 2002 (Wemmie et al., , 2003 , and in acidosismediated, glutamate-independent neuronal injury (Xiong et al., 2004; Yermolaieva et al., 2004) . Because current clinical trials using glutamate antagonists as the main neuroprotective agents have failed (Ikonomidou and Turski, 2002; Hoyte et al., 2004) , these findings suggest that ASIC1a may represent a new therapeutic target for stroke patients (Xiong et al., 2004; Huang and McNamara, 2004; Benveniste and Dingledine, 2005) . ASIC2a, in contrast, has been shown to be associated with neuronal survival after global ischemia (Johnson et al., 2001) .
Redox status is known to affect the functions of various proteins (Slivka et al., 1987; Nanda et al., 1996) . This oxidation/reductiondependent modulation of protein function is important because the redox status changes dramatically in physiological/pathological conditions (Zangerle et al., 1992; Schulz et al., 2000) . Particularly relevant, redox reagents have been shown to modulate the activities of both voltage-gated and ligand-gated ion channels (Aizenman et al., 1989; Kohr et al., 1994; DiChiara and Reinhart, 1997; Amato et al., 1999; Todorovic et al., 2001) . Our preliminary experiments (Chu et al., 2004a ) and a recent study by Andrey et al. (2005) have demonstrated that the activities of ASICs in peripheral sensory and central neurons are also modulated by the redox reagents. Because the overall ASIC currents in native neurons, particularly in sensory neurons, are mediated by various ASIC subunits, and the fact that activation of different ASIC subunits have dramatically different functional consequences, it is important to know which subunit of ASICs is involved in the modulation. Here we show that, in CNS neurons and in CHO cells expressing different ASICs, redox modulation is ASIC1a specific. Site-directed mutagenesis studies identified two amino acids (C61 and K133), located in the extracellular domain of the ASIC1a subunit, involved in the redox modulation. In addition to ASIC current, redox modulation has a dramatic effect on acidinduced increase of intracellular Ca 2ϩ and membrane depolarization. Our studies suggest that targeting redox modulation site(s) on the ASIC1a subunit may be an alternative approach for developing an effective therapeutic strategy for stroke.
Materials and Methods
Primary cortical neuronal cultures. The method for culturing mouse cortical neurons was essentially the same as the technique described previously (Chu et al., 2004b; Xiong et al., 2004) . The use of mice for neuronal cell culture was approved by the Institutional Animal Care and Use Committee of Legacy Clinical Research and Technology Center. Briefly, timepregnant (embryonic day 16) Swiss mice, and postnatal day 1 (P1) C57BL/6, ASIC1, or ASIC2 knock-out mice were anesthetized with halothane followed by decapitation. Brains were rapidly removed and placed in ice-cold Ca 2ϩ and Mg 2ϩ -free Hank's solution. Cerebral cortices were dissected and enzyme digested with 0.05% trypsin-EDTA for 10 min at 37°C, followed by trituration with fire-polished glass pipettes, and plated on poly-L-ornithine-coated culture dishes (35 mm in diameter), at a density of 1 ϫ 10 6 cells per dish. Neurons were cultured with Neurobasal medium supplemented with B27 and maintained at 37°C in a humidified 5% CO 2 atmosphere incubator. Cultures were fed twice per week and used for electrophysiological recording 12 ϳ 14 d after plating.
Acute isolation of mouse cortical neurons. Cortical neurons were isolated according to the technique described previously (Xiong et al., 1999; Chu et al., 2004b) . Briefly, 4-week-old Swiss mice were anesthetized with halothane and decapitated. The brain was removed and placed in ice-cold oxygenated extracellular fluid (ECF; see below), and subsequently sectioned at 400 m with a microtome (VT 1000; Leica, Bannockburn, IL). The slices were then incubated in ECF containing 0.3 ϳ 0.5 mg/ml papain (from papaya latex; Sigma, St. Louis, MO) at room temperature for 30 min. All solutions were bubbled with 100% O 2 . Following the digestion, slices were washed three times in ECF and incubated in enzyme-free ECF for at least 30 min before dissociation. For dissociation of neurons, one slice was transferred into a 35 mm culture dish containing 2 ml of ECF, and the dish was placed on the stage of an inverted phase-contrast microscope. The cortical region of the slice was then cut out, and single cells were mechanically dissociated using two firepolished glass pipettes or fine forceps. Electrophysiological recording of the isolated neurons began ϳ15 min after the mechanical dissociation.
Electrophysiology. Patch-clamp recordings were performed as described previously (Chu et al., 2004b; Xiong et al., 2004) . Patch electrodes, with resistances of 2 ϳ 3 M⍀ when filled with intracellular solution, were constructed from thin-walled borosilicated glass (1.5 mm diameter; World Precision Instruments, Sarasota, FL) on a two-stage puller (PP83; Narishige, Tokyo, Japan). A multibarrel perfusion system (SF-77; Warner Instruments, Hamden, CT) was used to achieve a rapid exchange of extracellular solutions (Chu et al., 2002 (Chu et al., , 2004b . Whole-cell currents or membrane potentials were recorded using Axopatch 1D amplifiers (Molecular Devices, Union City, CA). Data were filtered at 2 kHz and digitized at 5 Hz using a Digidata 1320 DAC unit (Molecular Devices). The on-line acquisition was done using pCLAMP software (version 8; Molecular Devices).
In general, ASICs were activated by acid perfusion every 2 min to allow for a complete recovery of the channels from desensitization. During each experiment, a voltage step of Ϫ10 mV from the holding potential was applied periodically to monitor cell capacitance and access resistance. Recordings in which access resistance or capacitance changed by Ͼ10% during the experiment were excluded for data analysis (Xiong et al., 1998; Chu et al., 2004b) .
Solutions and chemicals. Standard ECF contained the following (in mM): 140 NaCl, 5.4 KCl, 2.0 CaCl 2 , 1.0 MgCl 2 , 20 HEPES, and 10 glucose (pH 7.4; 320 ϳ 330 mOsm). For solutions with pH Ͻ 6.0, HEPES was replaced with MES for reliable pH buffering (Chu et al., 2002 (Chu et al., , 2004b . For voltage-clamp recordings, the pipette solution contained the following (mM): 140 CsF, 10 HEPES, 11 EGTA, 2 TEA, 1 CaCl 2 , 2 MgCl 2 , and 4 K 2 ATP (pH 7.3; 300 mOsm). For current-clamp recording, CsF in the pipette solution was replaced with KF. DL-Dithiothreitol (DTT), Lglutathione (reduced form, GSH), L-cysteine, 5,5Ј-dithio-bis(2-nitrobenzoic acid (DTNB), tri(2-carboxyethyl)phosphine hydrochloride (TCEP), N-ethylmaleimide (NEM), N-tris(hydroxymethyl)methylglycine (tricine), (5R,10 S)-(ϩ) -5-methyl-10,11-dihydro-5H-dibenzo[a,d] cyclohepten-5,10-imine (MK801), CNQX, nimodipine, -conotoxin MVIIC, and ZnCl 2 were purchased from Sigma. [2-(Trimethylammonium)ethyl]methanethiosulfonate (MTSET) was purchased from Toronto Research Chemicals (Toronto, Ontario, Canada).
Transfection of Chinese hamster ovary cells. Transfection of Chinese hamster ovary (CHO) cells with various ASIC subunits was described in detail previously (Chu et al., 2004b) . Briefly, CHO cells were cultured in F12 medium (American Type Culture Collection, Manassas, VA) supplemented with 10% fetal bovine serum. At ϳ50% confluence, cells were cotransfected with pcDNA3 constructors (Invitrogen, Carlsbad, CA) encoding individual ASICs and green fluorescent protein (GFP), using Fugene 6 transfection reagent (Roche Diagnostics, Indianapolis, IN). cDNA (0.75 g) for individual ASIC and 0.25 g cDNA for GFP were used for each culture dish. For coexpression of ASIC1a plus ASIC2a, equal amounts of cDNA (0.75 g) for both subunits were used. All recordings were made 48 -72 h after the transfection. GFP-positive cells were viewed under a fluorescent microscope for patch-clamp recording.
DNA preparation and site-directed mutagenesis. Point mutations were made using the QuikChange Site-Directed Mutagenesis system (Stratagene, La Jolla, CA) (Chu et al., 2004b) . All primers were obtained from Sigma-Genosys (The Woodlands, TX). All mutations were confirmed by restriction enzyme digest and sequence analysis. In all cases, the entire ASIC1a cDNA was sequenced to verify that nonspecific mutations were not introduced. Ca 2ϩ imaging. Intracellular Ca 2ϩ imaging was performed as described previously (Chu et al., 2004b; Xiong et al., 2004) . Neurons grown on glass coverslips (25 mm in diameter) were washed three times with ECF and incubated with 5 M fura-2 AM (Invitrogen, Eugene, OR) for ϳ40 min at 22°C, followed by three washes and additional incubation in normal ECF for 30 min. Coverslips were then transferred to a perfusion chamber on the stage of an inverted microscope [Nikon (Tokyo, Japan) TE300]. Cells were illuminated using a xenon lamp (75 W; Nikon, Hawthorne, NY) and observed with a 40ϫ UV fluor oil-immersion objective lens (Nikon). Video images were obtained using a cooled CCD camera (Sensys KAF 1401; Photometrics, Tucson, AZ). Digitized images were acquired, stored, and analyzed on a PC controlled by Axon Imaging Workbench (AIW) software (AIW2.1; Molecular Devices). The shutter and filter wheel (Lambda 10-2; Sutter Instrument, Novato, CA) were also controlled by AIW to allow for timed illumination of cells at either 340 nm or 380 nm excitation wavelength. Fluorescence was detected at an emission wavelength of 510 nm. Images (340/380 ratio) were analyzed by averaging pixel ratio values in circumscribed regions of cells in the field of view. The values were exported from AIW to SigmaPlot for additional analysis and plotting.
Data analysis. Data are expressed as mean Ϯ SEM. Student's t test and ANOVA were used for statistical analysis where appropriate. The criteria of significance was set at p Ͻ 0.05.
Results
Reducing agents potentiate ASIC currents in cultured mouse cortical neurons ASIC currents in cultured mouse cortical neurons were recorded as detailed in previous studies (Chu et al., 2004b; Xiong et al., 2004) . To determine whether redox status modulates the activity of ASICs in these neurons, the effects of various redox-modifying reagents on ASIC currents were studied. We first tested the effect of DTT, a commonly used reducing agent (Aizenman et al., 1989; Kohr et al., 1994) , on the ASIC current. After recordings of stable ASIC current activated by extracellular pH (pH o ) reduction from 7.4 to 6.5, various concentrations of DTT were perfused onto the neurons. As shown in Figure 1 A, the addition of DTT dose-dependently and dramatically potentiated the ASIC current in a reversible manner. A threshold concentration of 10 M is required to produce detectable potentiation, and maximal potentiation was achieved by 3.0 mM DTT, with an approximately threefold increase in the peak amplitude of the current (control, Ϫ919.7 Ϯ 121.3 pA; 3.0 mM DTT, Ϫ2851.1 Ϯ 149.7 pA; n ϭ 8; p Ͻ 0.001). Adding DTT (0.01-10.0 mM) alone to pH 7.4 solution did not activate any current on its own, and a coapplication of DTT (0.1 mM) with pH 6.5 for 10 s was not sufficient to induce notable potentiation of the ASIC currents (data not shown). In most neurons, the maximal potentiation by DTT can be reached within 2 ϳ 4 min after its perfusion. However, the recovery phase of the potentiation is much slower. In general, it took Ͼ30 min for the effect of DTT to be fully reversed after washout (n ϭ 6) ( Fig. 1 B) . The slow recovery of the DTT effect suggests that a chemical reaction may be involved in the potentiation of the ASIC current by DTT. This long-lasting potentiation, however, can be quickly reversed (within 2-4 min) by addition of the oxidizing agent DTNB (0.5 mM; n ϭ 5) (Fig. 1C) . Similarly, bath perfusion of NEM, an alkylating agent known to bind to thiol groups of redox modulatory sites (Creighton, 1984; Tang and Aizenman, 1993) , also quickly reversed the persistent potentiation of the ASIC current by DTT, suggesting an involvement of critical sulfhydryl groups in the potentiation of the current by DTT (n ϭ 6; p Ͻ 0.01) (Fig. 1 D) .
We then determined whether the endogenous reducing agents such as glutathione (GSH, reduced form) and cysteine (Kohr et al., 1994; Todorovic et al., 2001 ) have the same effects as DTT. At 1.0 mM, GSH enhanced the peak amplitude of ASIC currents by 1.91 Ϯ 0.14-fold (n ϭ 15) (Fig. 1E ), whereas cysteine increased the peak ASIC currents by 1.62 Ϯ 0.13-fold (n ϭ 7) (Fig. 1F ). Similar to DTT, the persistent potentiation of the ASIC current by GSH and cysteine were quickly reversed by the addition of 0.5 mM DTNB (data not shown).
Oxidizing agent inhibits ASIC currents in cultured mouse cortical neurons
We then tested whether an oxidizing agent has an effect opposite to the reducing agents. Neurons were exposed to DTNB, a commonly used oxidizing reagent (Aronstam et al., 1978; Aizenman et al., 1989) , at a concentration of 0.5 mM. Perfusion of DTNB did not affect the holding current but significantly inhibited the ASIC current in the majority of cortical neurons. In 25 of 36 neurons (69.4%), ϳ4 min perfusion of 0.5 mM DTNB inhibited the ASIC current to 60% of the control value (0.60 Ϯ 0.04; n ϭ 25) ( Fig. 2A,B ). This inhibitory effect was fully reversible after the removal of DTNB. In these neurons, 100 or 300 M Zn 2ϩ did not potentiate the ASIC current (data not shown), as expected for homomeric ASIC1a channels (Chu et al., 2004b) . In the remaining 11 neurons (30.5%), however, DTNB had no effect on the ASIC current ( Fig. 2C,D) , even with concentrations as high as 3.0 mM. In these neurons, addition of 100 or 300 M Zn 2ϩ significantly potentiated the ASIC currents (data not shown), as expected for ASIC2a containing channels (e.g., ASIC1a/2a) (Baron et al., 2001; Askwith et al., 2004; Chu et al., 2004b) . Together, these data suggest that inhibition of the ASIC current by DTNB is likely ASIC1a subunit-dependent.
Modulation of ASIC current by reducing agents requires chemical specificity
To further verify that potentiation of the ASIC current by DTT is attributable to redox modulation rather than a nonspecific binding or interaction, an oxidized form of DTT (OxDTT) was applied to neurons after recording of a stable ASIC current. Unlike the reduced form of DTT, OxDTT failed to enhance the ASIC current. Rather, 1.0 mM OxDTT induced an inhibition of the ASIC current to 58 Ϯ 3% of the control (n ϭ 11) (Fig. 2 E, F ) . This data further suggests that redox-modulating property of DTT is required for its potentiation of the ASIC current.
Redox modulation of the ASIC current in acutely dissociated mouse cortical neurons Prenatal cell cultures likely contain various immature neurons (Lendahl and McKay, 1990; Abdulla and Campbell, 1993) . The properties of ion channels expressed in these neurons, and their modulation by redox reagents, may not be comparable with those expressed in mature and fully differentiated neurons. To address this concern, we also studied the effect of redox reagents on the ASIC current recorded in acutely isolated cortical neurons from adult mice. Neurons were isolated from 4-week-old mice, as described previously (Xiong et al., 1998) . Similar to the cultured neurons, perfusion of 1.0 mM DTT increased the amplitude of the ASIC current (from Ϫ233.1 Ϯ 52.9 to Ϫ347.9 Ϯ 77.6 pA; n ϭ 7; p Ͻ 0.01), whereas 0.5 mM DTNB inhibited the current (from Ϫ376.3 Ϯ 51.8 to Ϫ265.9 Ϯ 44.4 pA; n ϭ 7; p Ͻ 0.05) (data not shown).
pH-dependent modulation of the ASIC current by redox reagents
To determine whether modulation of the ASIC current by redox reagents depends on the level of pH o , pH dose-response curves were constructed before and after the bath perfusion of DTT or DTNB. As shown in Figure 3 , A and B, application of DTT induced a relatively larger potentiation of the ASIC current at higher pH o (e.g., 6.5) than at lower pH o (e.g., 5.0), resulting in a leftward shift of the pH doseresponse curve (pH 0.5 before DTT, 5.94 Ϯ 0.08; after 1.0 mM DTT, 6.27 Ϯ 0.03; n ϭ 4; p Ͻ 0.05). The Hill coefficient was not significantly affected by DTT (before DTT, 0.94 Ϯ 0.01; after DTT, 0.96 Ϯ 0.01; n ϭ 4; p Ͼ 0.05). This finding suggests that potentiation of the ASIC currents by DTT is likely mediated by an increase in the apparent affinity of ASICs to protons.
To determine whether the effect of redox reagents depends on the level of membrane potential, ASIC currents were activated at different holding potentials. As shown in Figure 3 , C and D, addition of 1.0 mM DTT or 0.5 mM DTNB affected the ASIC current to a similar extent at membrane potentials ranging from Ϫ60 to ϩ40 mV, indicating the lack of a voltage-dependent effect. In addition, the reversal potential of ASIC currents remained unchanged in the presence of DTT or DTNB, suggesting that redox modulation does not alter the ion selectivity of the channels.
Potentiation of the ASIC currents by reducing agents is not attributable to zinc chelation
It is known that most physiological solutions contain contaminating concentrations of zinc in the range of 20 ϳ 50 nM (Paoletti et al., 1997; Amar et al., 2001) or higher (Zheng et al., 1998; Wilkins and Smart, 2002) . Our recent studies have demonstrated that zinc chelators such as TPEN and tricine dramatically potentiate the ASIC currents in mouse cortical neurons (Chu et al., 2004b) . Because DTT and GSH may have some heavy metal chelating activity (Cornell and Crivaro, 1972; Paoletti et al., 1997; Wilkins and Smart, 2002) , we have examined whether the effects of these agents on the ASIC currents were caused by zinc chelation. A 10 mM concentration of tricine, a heavy metal chelating agent, was added to the extracellular solution. With this concentration of tricine, free zinc in the extracellular solution is expected to be reduced to Ͻ1 nM (Amar et al., 2001; Wilkins and Smart, 2002) , a concentration that has little inhibition of the ASIC current (Chu et al., 2004b) . As expected, adding 10 mM tricine to the extracellular solution dramatically potentiated the ASIC current (data not shown). However, addition of 0.1 mM DTT or 1.0 mM GSH, in the presence of tricine, still potentiated the ASIC current, indicating Zn 2ϩ -independent effect (n ϭ 8) (Fig. 4 A, B) .
To provide further evidence that potentiation of ASIC current by reducing agents was not caused by zinc chelation, we also studied the effect of tri (2-carboxyethyl) phosphine hydrochloride (TCEP), a reducing agent with little zinc chelating activity (Brohawn et al., 2003) , on the ASIC currents. Similar to DDT and GSH, TCEP significantly potentiated the ASIC current at 0.1 and 0.5 mM (Fig. 4C,D) .
Extracellular sites are involved in the modulation of the ASIC current by redox reagents
To address whether redox reagents modulate the ASIC currents via extracellular or intracellular redox site(s), we included 1.0 mM GSH in the intracellular solution and tested the effect of redox reagents applied to the extracellular solution. It is expected that, if the modulation of the ASIC current by reducing reagents is attributable to their effects on an intracellular site, inclusion of a high concentration of GSH in the pipette solution should preclude a further potentiation of the current by bath perfusion of the reducing agents. After formation of whole-cell configuration, up to 20 min was allowed for GSH to completely diffuse into neurons before bath application of DTT or GSH. As shown in Figure 5 , A and B, with 1 mM GSH in the pipette solution, bath perfusion of GSH (1.0 mM) or DTT (0.1 mM) still potentiated the ASIC current, and the degree of potentiation is similar to that obtained without GSH in the pipette solution. This finding suggests that reducing agents potentiate ASIC currents through their interaction with an extracellular redox site. To provide additional evidence, we also included 0.5 mM DTNB in the pipette solution and tested the effect of 1.0 mM DTT or 0.5 mM DTNB on the ASIC current. Similar to the recordings without intracellular DTNB, bath perfusion of DTT potentiated, whereas perfusion of DTNB inhibited, the ASIC current (Fig. 5C,D) . Together, these data strongly suggest that redox reagents modulate the ASIC activity through an extracellular redox site(s).
Redox modulation of ASIC currents in neurons from ASIC1 and ASIC2 knock-out mice
ASIC1a and ASIC2a are the major functional ASIC subunits expressed in mouse cortical neurons (Chu et al., 2004b; Xiong et al., 2004) . However, activation of these two ASIC subunits seems to have opposite consequences for neuronal injury. Activation of ASIC1a is involved in acidosis-mediated ischemic neuronal death (Xiong et al., 2004) , whereas increased expression of ASIC2a is known to be associated with neuronal survival (Johnson et al., 2001) . For this reason, it is important to know which ASIC subunit is involved in the redox modulation of the ASIC current. To answer this question, we have studied the effect of redox reagents on ASIC currents in cortical neurons cultured from the ASIC1 or ASIC2 knock-out mice (Chu et al., 2004b) .
ASIC currents in neurons from C57BL/6 mice, a wild-type control with the same genomic background as the ASIC1 knockout mice, were potentiated by DTT (0.1 mM), GSH (1.0 mM), or cysteine (1.0 mM) and inhibited by DTNB (0.5 mM) or OxDTT (1.0 mM), similar to the current in neurons cultured from Swiss mice (Fig. 6 A, B) . This finding suggests that genomic background has no influence on the redox modulation of ASICs. In ASIC1Ϫ/Ϫ neurons, however, perfusion of 1.0 mM DTT, 1.0 mM GSH, 1.0 mM cysteine, 0.5 mM DTNB, or 1.0 mM OxDTT did not affect the ASIC current (Fig. 6C,D) (n ϭ 8 -9). In contrast to neurons from the ASIC1Ϫ/Ϫ mice, addition of 0.1 mM DTT, 1.0 mM GSH or 1.0 mM cysteine significantly potentiated (n ϭ 7-12) (Fig. 6 E, F ) , whereas 0.5 mM DTNB and 1.0 mM OxDTT inhibited the ASIC current in neurons from the ASIC2Ϫ/Ϫ mice (n ϭ 7-12) (Fig. 6 E, F ) . These data suggest that ASIC1a subunit is required for redox modulation of ASIC currents.
Subunit-specific modulation of ASIC currents by redox reagents in CHO cells
To further determine the role of each ASIC subunit in redox modulation of the ASIC current, we then studied the effect of redox re- agents on ASIC currents mediated by various ASIC subunits expressed in CHO cells. Consistent with the findings in native neurons, bath perfusion of reducing agents DTT (1.0 mM), GSH (1.0 mM), or cysteine (1.0 mM) dramatically potentiated the current mediated by homomeric ASIC1a more than twofold (n ϭ 8 -15; p Ͻ 0.01), whereas DTNB (0.5 mM) or OxDTT (1.0 mM) inhibited the ASIC1a current by ϳ50% (n ϭ 8 -15). In contrast, no effect was observed on currents mediated by homomeric ASIC1b (ASIC␤), ASIC2a, or ASIC3 (n ϭ 5-7) (Fig. 7C-H) . To exclude the possibility that the lack of redox modulation of the ASIC2a current is attributable to the low pH o value used, as has been suggested for Zn 2ϩ potentiation of the ASIC2a current (Baron et al., 2001) , we also studied the effect of redox reagents on the ASIC2a current activated at a pH o of 5.0 (Fig. 7G) . Again, no change of the ASIC2a current was induced by DTT, cysteine, or DTNB (n ϭ 7). These data suggest that the lack of effect by redox reagents on the ASIC2a current is likely caused by a lack of redox modification rather than low pH o value used.
The effect of redox reagents on the ASIC1a/2a current was also studied in CHO cells. Two criteria, including pH 0.5 value and Zn 2ϩ potentiation, were used to ensure that the current studied was indeed mediated by the heteromeric ASIC1a/2a channels (Chu et al., 2004b) . Similar to homomeric ASIC1a channels, current mediated by heteromeric ASIC1a/2a channels was potentiated by the reducing agents (Fig.  7I,J) . However, unlike homomeric ASIC1a channels, current mediated by heteromeric ASIC1a/2a channels was not inhibited by the oxidizing agent DTNB (Fig. 7I,J) . This finding is consistent with the lack of DTNB effect in some neurons, which may contain heteromeric ASIC1a/2a channels. It may also suggest that there could be more than one redox modulating site on the ASIC1a subunit: one involved in the potentiation by the reducing agents and the other involved in the inhibition by the oxidizing agents. Association of ASIC2a with the ASIC1a subunit does not seem to affect the sites for the reducing agents, but may occlude the sites for the oxidizing agents.
Involvement of extracellular cysteine and lysine in the redox modulation of the ASIC1a current Site-directed mutagenesis was then used to identify the specific amino acid(s) involved in the redox modulation of the ASIC1a current. Previous studies have suggested that cysteine residues are commonly involved in the redox modulation of various ion channels (Creighton, 1984; Ruppersberg et al., 1991; Sullivan et al., 1994; Broillet, 2000; Choi et al., 2001; Lipton et al., 2002) . In addition, residues such as methionine, tyrosine, phenylalanine, histidine, or lysine may also participate in the redox modulation of proteins (Thielges et al., 2005; Waring, 2005) . To determine whether cysteine residues are involved in the redox modulation of ASIC1a channels, we first tested the effect of [2-(trimethylammonium)ethyl] methanethiosulfonate (MTSET), a methane-thiosulfonate agent known to modify the cysteine residues (Ruppersberg et al., 1991; Phillips et al., 2003) , on the ASIC current. This agent can interact with free thiols rapidly and specifically to form mixed disulfides. Exposure of neurons to 1.0 mM MTSET for 3 min inhibited the ASIC1a current by ϳ50% and abolished the subsequent inhibition by DTNB (n ϭ 5; data not shown). Based on these findings and the fact that redox modulation is ASIC1a dependent, we focused on the cysteine residues specific to ASIC1a subunit and located in the extracellular domain between residues 61 and 175 (nonidentical extracellular region between ASIC1a and ASIC1b). Sequence analysis revealed two cysteine residues (C61 and C70) located close to the first transmembrane domain (Waldmann et al., 1997) , as potential targets (Fig. 8A) . To determine the effect of these residues in the redox modulation of the ASIC1a current, we mutated both cysteines to alanines. In addition, we also mutated C59, a cysteine residue located adjacent to the extracellular domain and conserved in ASIC1a and ASIC1b subunits, as a negative control. Other potential redox modulating residues that are specific to ASIC1a subunit, e.g., K133 and H173, were also mutated. Sequence alignment demonstrated that these residues are found only in ASIC1a but not ASIC1b, ASIC2a, or ASIC3 subunit in comparable positions (Fig. 8A) . Noncharged residues were replaced with alanine (i.e., C59A, C61A, C70A, and H173A), whereas positive charged K133 was replaced with arginine (K133R). When expressed in CHO cells, all mutants had normal response to pH o drops with pH 0.5 and amiloride blockade similar to the wild-type ASIC1a channels (data not shown). . Redox modulation of ASIC currents in neurons from ASIC1Ϫ/Ϫ or ASIC2Ϫ/Ϫ mice. A, B, Representative traces and summary data showing the modulation of ASIC currents by the reducing or the oxidizing agents in cortical neurons from C57BL/6 mice, a wild-type control for the ASIC knock-out mice; n ϭ 5-6. C, D, Representative traces and summary data showing a lack of modulation of ASIC currents in ASIC1Ϫ/Ϫ neurons by either reducing or oxidizing agents; n ϭ 8 -9. E, F, Representative traces and summary data showing the effect of redox reagents on ASIC currents in ASIC2Ϫ/Ϫ neurons; n ϭ 7-12; *p Ͻ 0.05; **p Ͻ 0.01. Figure 8 , mutation of C61 to alanine did not affect the potentiation of ASIC currents by the reducing agents (Fig. 8 B, C) (n ϭ 12-15) . However, this point mutation completely eliminated the inhibition of the currents by the oxidizing agent DTNB. In contrast, mutation of C70 (n ϭ 5) or C59 (n ϭ 3) affected neither the potentiation nor the inhibition of the ASIC currents by redox reagents (Fig. 8 D-G) . Similarly, mutation of H173 did not affect the modulation of the ASIC currents by redox reagents (Fig. 9 A, B) (n ϭ 5) . Mutation of K133 to arginine, however, completely abolished the potentiation of ASIC currents by reducing agents, with no effect on the inhibition of the currents by DTNB (Fig. 9C,D) (n ϭ 5). Double mutation (C61A and K133R) reduced the overall amplitude of the acid-activated current and completely eliminated the effects by both reducing and oxidizing agents (Fig. 9E,F) .
As shown in

Effects of redox reagents on ASICmediated intracellular Ca
2؉ increase and membrane depolarization Ca 2ϩ entry through ASIC1a channels is largely responsible for acidosis-mediated glutamate-independent neuronal injury (Xiong et al., 2004) . To know whether redox modulation of ASICs also affects the acid-induced Ca 2ϩ entry into neurons, fluorescent Ca 2ϩ -imaging experiments were performed to study the effect of redox reagents on acid-induced increases in [Ca 2ϩ ] i . For all experiments, the blockers of voltagegated Ca 2ϩ channels (e.g., 5 M nimodipine and 3 M -conotoxin MVIIC) and glutamate receptors (10 M MK801 and 20 M CNQX) were added to the solutions to exclude the possible secondary activation of these channels. As shown in Figure 10 , A and B, bath perfusion of DTT (1.0 mM) did not affect the baseline [Ca 2ϩ ] i ; however, it dramatically potentiated the acid-induced increase of [Ca 2ϩ ] i (340/380 nm ratio before DTT, 1.81 Ϯ 0.15; after DTT, 3.30 Ϯ 0.26; n ϭ 10; p Ͻ 0.01) (Fig.  10 A, B) . In contrast, bath perfusion of the oxidizing agent DTNB inhibited the acid-induced increase of [Ca 2ϩ ] i (340/ 380 nm ratio before DTNB: 2.02 Ϯ 0.35; after DTNB 1.19 Ϯ 0.16; n ϭ 8; p Ͻ 0.05) (Fig. 10C,D) .
Our next experiment was to determine whether redox modulation of the ASICs has any impact on acid-induced membrane depolarization in mouse cortical neurons. Current-clamp experiments were performed to record the membrane potential in the presence of the blockers of voltagegated Ca 2ϩ channels and glutamate receptor-gated channels (Chu et al., 2004b) . As shown in Figure 10 , E and F, decreasing pH o from 7.4 to 7.0 induced a significant depolarization of membrane potential from Ϫ60 mV to Ϫ34.72 Ϯ 1.46 mV (n ϭ 5; p Ͻ 0.05). Bath perfusion of DTT (1 mM) dramatically potentiated acid-induced membrane depolarization to Ϫ5.07 Ϯ 2.43 mV (n ϭ 5; p Ͻ 0.01).
Discussion
Ca 2ϩ -permeable ASIC1a is one of the major ASIC subunits in CNS neurons. Activation of these channels is believed to be involved in normal brain function and in the pathology of ischemia. Here, we demonstrate that the redox status of the ASIC1a subunit is an important modulator for the function of ASICs. Because the redox status of proteins changes dramatically in both physiological and pathological processes, the regulation of ASICs by redox modification may have significant influence on the overall functions of these channels. Accordingly, targeting the redox modulation sites on these channels may offer a new approach for future neuroprotective interventions.
Similar to the study in sensory neurons (Andrey et al., 2005) , reducing agents enhanced, whereas oxidizing agents inhibited the ASIC currents in CNS neurons. An additional finding that NEM, an alkylating agent known to irreversibly alkylate free thiol groups (Creighton, 1984; Tang and Aizenman, 1993) , blocked the effects of redox reagents supports an involvement of critical sulfhydryl groups in the effects of redox reagents. The finding that both reducing and oxidizing agents have an effect on the currents suggests that the redox modulatory site(s) on ASICs (or closely associated proteins) exist in a dynamic equilibrium between fully reduced and oxidized states. The fact that the magnitude of potentiation by the reducing agents is severalfold greater than the magnitude of inhibition by the oxidizing agents may suggest that the redox site(s) of ASICs in mouse cortical neurons is closer to a fully oxidized state. Alternatively, there could be two or more separate sites responsible for the modulation of ASICs by oxidizing and reducing agents, respectively, and the impact of each site on the channel differs.
Different from our studies in mouse cortical neurons, the effect of redox reagents on the ASIC current in sensory neurons does not involve a change in the affinity of ASICs to protons (Andrey et al., 2005) . This is likely attributable to different ASIC subunits expressed in sensory and CNS neurons. In CNS neurons, homomeric ASIC1a and heteromeric ASIC1a/ASIC2a are predominant (Askwith et al., 2004; Chu et al., 2004b) , whereas in sensory neurons, ASIC currents are likely carried by a combination of ASIC1a, ASIC1b, ASIC2a, and ASIC3 (Waldmann and Lazdunski, 1998; Krishtal, 2003) . Our studies in CHO cells clearly demonstrated that redox agents specifically modulate the currents mediated by homomeric ASIC1a or heteromeric ASIC1a/ASIC2a with little effect on other ASIC configurations. These data may suggest that, compared with CNS neurons, ASICs in sensory neurons are not the preferred target for the redox modulation. Indeed, the degree of potentiation of ASIC currents in rat trigeminal and DRG neurons (ϳ30%) by the reducing agents is far less than that in mouse cortical neurons (up to 200%).
Redox modulation of ASICs independent of zinc chelation
Homomeric ASIC1a and ASIC1a containing channels are tonically inhibited by nanomolar concentration of zinc, commonly present in physiological solutions (Chu et al., 2004b) . Because reducing agents such as DTT may have some heavy metal chelating activity (Cornell and Crivaro, 1972; Paoletti et al., 1997; Wilkins and Smart, 2002) , it was important to know whether the potentiation of ASIC currents was mediated by zinc chelation. Our finding that DTT and GSH continued to potentiate the currents in the presence of high concentration of zinc chelator strongly suggests that chelation of zinc is not responsible for the effect of these agents. In addition, TCEP, a reducing agent with little zinc binding activity (Brohawn et al., 2003) , also potentiated the ASIC current, further supporting the claim that reducing agents potentiate the ASIC current through redox modification.
Redox modulation is ASIC1a dependent
ASIC1a and ASIC2a are the major functional ASICs in CNS neurons, and the acid-activated currents in these neurons are largely mediated by homomeric ASIC1a and heteromeric ASIC1a/ ASIC2a channels. To determine the specific ASIC subunit in- Figure 8 . Identification of amino acid residues involved in redox modification. A, Alignment of ASIC1a, ASIC1b (ASIC␤), ASIC2a, and ASIC3 identified potential redox modulatory sites present in ASIC1a but not conserved at homologous positions in ASIC1b, ASIC2a, and ASIC3 subunits. B, C, Representative traces and summary data showing the lack of inhibition of the ASIC current mediated by ASIC1a-C61A mutant by the oxidizing agent DTNB. D-G, Neither the C70A (n ϭ 5) nor C59A (n ϭ 3) mutation affected the potentiation or inhibition of the ASIC1a currents by reducing or oxidizing agents. *p Ͻ 0.05; **p Ͻ 0.01. volved in the redox modulation, we performed experiments in neurons cultured from the ASIC1Ϫ/Ϫ and ASIC2Ϫ/Ϫ mice. Our finding that redox reagents lost their effect in ASIC1Ϫ/Ϫ neurons strongly suggests that ASIC1a subunit is critical for the modulation. Consistent with these findings, redox reagents only affected the currents mediated by ASIC1a-containing channels expressed in CHO cells.
Cysteine 61 and lysine 133 are involved in the modulation of ASIC1a by redox reagents The membrane-impermeable nature of GSH and DTNB suggests that the redox modulating site(s) are located on the extracellular domain of the channel. Furthermore, the fact that inclusion of a saturating concentration of GSH or DTNB in the intracellular solution did not preclude the ability of extracellular applied GSH and DTT to modulate the channels also supports the existence of an extracellular redox modulating site(s).
The sulfur moiety in cysteine residues is a primary target for redox modification (Ruppersberg et al., 1991; Sullivan et al., 1994; Broillet, 2000; Choi et al., 2001; Lipton et al., 2002) . Other residues capable of redox alteration include methionine, tyrosine, phenylalanine, histidine, and lysine (Thielges et al., 2005; Waring, 2005) . The multiple cysteine residues in the large extracellular domain of ASICs are potential targets for redox modulation. Because the redox reagents modulated the current mediated by ASIC1a without affecting the current mediated by ASIC1b, ASIC2a, or ASIC3, we have limited our search for redox modulation site(s) to the extracellular domain of ASIC1a not conserved in ASIC1b, ASIC2a, and ASIC3. Because ASIC1a and ASIC1b (ASIC␤) only differ in the first 175 amino acids at the N terminal (Chen et al., 1998) , the lack of redox modulation of the ASIC1b current further simplified our search. Taking all factors into consideration, only C61 and C70 were considered as the likely candidates involved in the redox modulation. Site-directed mutagenesis studies demonstrated that mutation of C61, but not C70, eliminated the inhibition of ASIC currents by the oxidizing agent DTNB. However, this mutation did not affect the potentiation of the current by the reducing agents. One possible explanation is that, under normal condition, C61 is in a fully reduced state, thus preventing additional modification by the reducing agents. In contrast, mutation of K133, a lysine residue also located in the extracellular domain specific to the ASIC1a subunit, eliminated the potentiation of ASIC currents by the reducing agents, without altering the effect by the oxidizing agent. It is likely that this site is in a fully oxidized state under the resting condition, thus occluding a further modification by the oxidizing agents. As expected, double mutation of C61 and K133 eliminated the effects by both oxidizing and reducing agents.
Interestingly, our previous studies have shown that K133 is also involved in highaffinity Zn 2ϩ inhibition of the ASIC current (Chu et al., 2004b) . The involvement of K133 in both Zn 2ϩ inhibition and redox modulation of ASICs suggests that multiple modulators of ASICs may share a common molecular pathway. Additional investigation will determine how Zn 2ϩ inhibition and redox modulation of ASICs share the same pathway.
Redox reagents are known to modulate the activities of other ligand-gated ion channels, including NMDA receptor-gated channels (Aizenman et al., 1989; Kohr et al., 1994; Sullivan et al., 1994) . Similar to their effects on ASICs, reducing agents potentiate, whereas oxidizing agents inhibit, the NMDA currents. The redox modulation site or motif, in general, consists of several rather than a single amino acid and is defined by the tertiary/ quaternary structure of the protein. For example, for NMDA channels, there are six cysteines comprising the redox modulation motif (Lipton et al., 2002) . Although mutation of a single amino acid (e.g., C61 and K133) disrupts the redox modulation, these amino acids are likely part of a larger motif. Further studies are required to identify other potential residues, either conserved or nonconserved, that participate in the formation of redox modulation motif on ASICs. . Lysine 133 mutation eliminated the potentiation of ASIC1a currents by reducing agents, whereas the C61A and K133R double mutation abolished the effect of both reducing and oxidizing agents on homomeric ASIC1a currents. A, B, Representative traces and summary data showing that the H173A mutation did not affect the potentiation or inhibition of ASIC1a currents by reducing or oxidizing agents; n ϭ 5; *p Ͻ 0.05; **p Ͻ 0.01. C, D, Representative traces and summary data showing the lack of potentiation of ASIC1a-K133R currents by the reducing agents DTT and GSH, whereas DTNB inhibited the ASIC current; n ϭ 5; **p Ͻ 0.01. E, F, Representative traces and summary data showing the lack of modulation by both reducing and oxidizing agents on currents mediated by the ASIC1a-C61A/K133R double mutation; n ϭ 4; p Ͼ 0.05.
